Abstract: A method to fabricate conjugated polymer waveguides with well defined edge facets is demonstrated. The utility of the approach is explored for application as end-fired ultrafast optical amplifiers based on poly(9,9'-dioctylfluorene-co-benzothiadiazole). An internal gain of 19 dB was achieved on a 760 µm long waveguide at 565 nm wavelength. This fabrication procedure may be applied to a wide range of conjugated polymers and organic light-emitting devices, providing an important step towards future applications of organic integrated photonics. 
Introduction
Semiconducting conjugated polymers, due to their high optical gain and wide wavelength tunability, have been regarded as attractive materials for lasers, optical amplifiers and modulators, with the future potential to be electrically pumped [1] . The materials can be simply processed from solution to form low-loss waveguides, but one current limitation is that it is difficult to form well defined edge facets. The spin-coating process leads to poor quality edges, and the typically 100 nm thick polymer films do not cleave well to form facets [ Fig. 1(d) ]. As a result, lasers and optical amplifiers made from conjugated polymers have usually been configured in surface-emitting geometries, using vertical microcavities or grating coupled configurations [1, 2] . Edge-coupled conjugated polymer waveguides would be attractive for many applications, allowing for example the integration of polymer lasers to planar lightwave circuits for sensing and lab-on-a-chip [3, 4] . End-fired optical amplifiers would avoid the use of grating couplers, which suffer from narrow bandwidth and potentially limit applications with ultra-short pulses. High quality optical facets would enable new applications such as edge emission from light-emitting field effect transistors (LEFETs) [5] .
One possible approach could be to blend the active material with UV curable polymers and use photopatterning to define edge facets, as has previously been explored using dilute laser dyes [3, 6] . However directly mixing conjugated and UV-curable polymers is unattractive because phase separation in polymer blends leads to high scattering loss. In this paper, we report an alternative approach to fabricate high edge-quality conjugated polymer waveguides, by encapsulating the conjugated polymer in a more brittle photo-crosslinked polymer that can readily be cleaved. To show the utility of the approach, we demonstrate them in high gain optical amplifiers.
Amplifier fabrication
To allow comparison with grating coupled optical amplifiers, we chose to use the conjugated polymer poly(9,9'-dioctylfluorene-co-benzothiadiazole) (F8BT) (from American Dye Source). The optical amplification of F8BT has previously been studied in both solution and grating coupled waveguide amplifiers [2, 7] . For the edge-coupled amplifiers, a three-layered ridge configuration is used. The F8BT layer is sandwiched between layers of the negative photoresist SU8. In order to allow cleaving of edges for end-fired coupling, Si with 2 µm SiO 2 on top was used as substrate. Onto this a 460 nm SU8 film was first deposited by spin coating and cured with UV lamp. F8BT was then spin coated from 20mg/ml solution in toluene on the SU8 to form a 185 nm thick F8BT core layer. Next, a second layer of SU8 (420 nm thick) was deposited on top of the F8BT layer. The waveguide patterns were transferred to the top SU8 layer by standard photolithography. After the SU8 waveguides were developed, we used an extra washing step in toluene to remove the exposed F8BT layer. schematic of a finished sample. In some samples, a third layer of SU8 was overlaid on top of the previously defined waveguides and then patterned as a wider stripe, to achieve complete encapsulation of the SU8 core. The schematic of the finished samples is given in Fig. 1(b) .
Finally, end facets were attained by cleaving the samples. To achieve high quality facets, a mark was first made on the top surface of the sample using a diamond scriber. The sample was then placed, with the waveguide facing up, on an aluminum platform, located above a sharp blade. The platform is configured such that when pressed down, the blade passes through a slot to make contact with the back face of the silicon. After the scribed mark was aligned with the hidden blade, the sample was pressed down gently with even force on both sides of the mark. A clean cleave propagates from the mark along the crystal axis of the Si and through the overlying polymer layers. Cleaved samples of 1 mm length with two clean edges were routinely achievable. The edge cross section of a 760 µm long waveguide, recorded by SEM, is displayed in Fig. 1(c) .
Experimental characterization of the amplifiers, results and discussions
A potential concern with the processing is that the thermal cycling and UV curing may damage the light emitting properties of the semiconducting polymer layer. To estimate the impact of the processing, the steady state photoluminescence (PL) spectra and PL quantum yield (PLQY) of the sandwiched F8BT film were measured and compared with those of a pristine unprocessed F8BT film, each deposited on glass substrates. The excitation wavelength for both measurements was 442 nm. A PLQY value of 31% was obtained for the processed structure, compared to the value of 52% measured for the unprocessed F8BT film, The shape of the PL spectrum (shown in Fig. 2 ) was not affected by processing. Fig. 2 . Absorption (red solid line) and steady-state PL (dashed blue line) spectra of a pristine F8BT film spin-coated on SU8. The solid blue line shows the PL spectrum of the processed SU8/F8BT/SU8/glass structure. The dotted green line shows the ASE spectrum, measured using a ridge sample, configured as in Fig. 1(a) . The arrows indicate the pump and probe wavelengths in the ultrafast amplification experiment.
To quantify the optical gain in the waveguide, the amplified spontaneous emission (ASE) threshold was measured for F8BT waveguides in both configurations [ Fig. 1(a) and 1(b) ] using a pulsed optical parametric oscillator (20 Hz, pulse width 4 ns) at an excitation wavelength of 442 nm. A typical ASE spectrum is given in Fig. 2 . The intensities of the edge emission as a function of the pump energy density are plotted in Fig. 3(a) . ASE thresholds, of 0.55 and 0.49 mJ/cm 2 for two waveguides [ Fig. 1(a) and 1(b) , respectively], can be easily extracted from the figure. These values are lower than that of an unprocessed F8BT film on SU8, 0.85 mJ/cm 2 , despite the reduced PLQY, suggesting that the ridge waveguide configuration enhances amplification of light traveling along the waveguide direction. The loss coefficient (α) of the waveguides at the ASE wavelength was determined by recording the change in ASE intensity as the pump beam is moved away from the end of the waveguides, as shown in Fig. 3(b) . By fitting to an exponential attenuation function, we obtained loss coefficients of 11.5 and 13.5 cm −1 for waveguides configured as in Fig. 1(a) and 1(b) respectively. These values are slightly higher than the 6.5 cm −1 loss of the unpatterned F8BT film on SU8 and 7.6 cm −1 loss for F8BT on SiO 2 [8] , suggesting that, while the SU8 has low absorption, the ridge waveguide structure introduces a small additional scattering loss. Optical coupling and amplification in these waveguides was then characterized using a time-resolved pump-probe technique. A schematic of the experimental setup is given in Fig. 4 . An optical parametric amplifier pumped by an amplified Ti-Sapphire laser system was used to generate pump pulses at 400 nm and probe pulses at 565 nm. All pulses were about 100 fs long (FWHM). The pump pulse was focused onto the top surface of the waveguide and the probe beam was coupled into the waveguides through a long working distance objective (×20). The output light was collected by another objective (×8) and then focused to a spectrally and time-resolved streak camera. All experiments were carried out in air. To calculate the input coupling efficiency, the transmission of the probe light through the waveguide was measured (with the pump off). The power coupled into the waveguide at the input edge was then estimated using the previously measured loss coefficient α, and assuming a 100% output coupling efficiency. An input coupling efficiency of 11% was achieved on the waveguides. Figure 5(a) shows three typical time traces of the output from the waveguide: the probe signal with no pump applied, the amplified output signal and the PL background measured at the same excitation energy density but without the probe pulse. The width of the output pulse is limited by the response function of the streak camera, which is about 3 ps at FWHM. The amplified signal is extracted by subtracting the PL background from the total output signal, as shown in typical streak camera measurements in Fig. 5(b) . The internal optical gain was calculated using the equation (dB) 10 log( ) 10 log( )
where P on is the total output signal, P PL is the PL background, and P off is the probe signal in the absence of pumping. From Fig. 5(a) Gain as a function of pump energy density is plotted in Fig. 6(a) . The gain increases with increasing pump energy density up to around 60 µJ/cm 2 . The saturation of gain at higher pump energy may be explained by exciton annihilation and competition with ASE. The maximum internal gain of 19 dB is observed for the input pulse of 8 pJ, and corresponds to an net external gain of 6 dB. The internal gain is equivalent to 250 dB/cm, significantly higher than the 9.3 dB/cm and 0.35 dB/cm, reported previously for doped PMMA waveguides [9, 10] .The product of gain cross section σ and exciton density N of the waveguide can be derived from the linear range of the gain curve using G = fσNL, where f is the fractional overlap of the waveguided probe light with the excitation profile of the F8BT film and L=0.76 mm is the length of the pumped waveguide. The fitting yields fσN = 58 cm −1 at a pump energy density of 63 µJ/cm 2 . This pump density corresponds to N = 5 × 10 18 cm −3 in the active 185 nm F8BT layer, where 80% of pump energy is absorbed. Using these numbers and assuming f ≈ 0.25 we get σ ≈ 5×10 −17 cm −2 , in good agreement with the previously reported value for F8BT optical amplifiers [2] .
The variation of gain with the probe signal energy was also studied on the same waveguide, as shown in Fig. 6(b) . As expected, we observe that gain decreases with the increase of probe energy, due to gain depletion. While the ridge waveguide strongly confines the probe light perpendicular to the film, the 1.4 µm diameter input beam expands in the plane of the 200 µm wide ridge as it propagates. To model the effect of gain saturation we therefore need to account for this expansion in the well-know net gain equation for pulsed pump-probe system [11] . We divide the waveguide into 100 portions and calculate the accumulated gain of each portion using the net gain equation. The total gain is the product of gains corresponding to each small portion: E is the probe input energy at the nth section, which is the output energy from the (n-1)th section, G 0 is the unsaturated gain, σ abs and σ se are the absorption and stimulation emission cross section, respectively, A n is the cross sectional area of the probe beam at each small portion, and υ in is the frequency of the probe signal. A n = 2 2 1/ 2 0 0 2 (1 (2 / ) ) n w t z kw + , where w 0 is half of the width (in y direction) of the probe beam at the entrance face (0.7 µm) and t is the thickness of the F8BT film. Fitting to the modified net gain Eq. (2) yields total unsaturated gain G 0 of 22 dB. We note that the end-fired amplifier requires higher pumping energy density, compared to the previously reported grating-coupled F8BT amplifiers, which used a polymer film spincoated on a fused silica substrate [2] . This could be explained by a reduced confinement factor (by 3.5 times to ~20%) of the waveguided probe beam in the gain medium in the present work. Simple optical mode calculations reveals three possible TE modes in the sandwiched F8BT waveguide structure. However, only the TE 0 mode shows a good overlap with the gain medium. Even though the TE 1 mode is difficult to couple into the structure for symmetry reasons, the TE 2 mode can be easily coupled into the waveguide with much of the mode confined in the SU8 layers. This may explain the need for higher pump energies for comparable gain in the current waveguides. Further increasing the thickness of the middle F8BT layer, and reshaping the probe beam profile should further improve the optical mode overlap with the gain medium and the coupling, and therefore the performance of the endcoupled amplifiers.
Conclusion
In summary, we demonstrated an improved method to fabricate conjugated polymer waveguides with well-defined facets. This new fabrication procedure may be applied to a wide range of conjugated polymers, given that the thermal cycling during fabrication does not alter the optical properties of the material considerably. These waveguides could show great potential in future broadband ultra-short optical pulse applications. Edge-emitting lasers, optical amplifiers and switches, and LEFETs may also find wider applications in integrated optical circuits than their surface emitting counterparts.
